Abstract: The question addressed in this paper is the flattening of the valley separating two growth hillocks emanating from screw dislocations during crystal growth. It is argued that both thermodynamic and kinetic effects contribute to this result, at least on a quasi-atomic scale. If performed under low enough supersaturation the growth leads to the formation of the face morphology corresponding to the minimum of the surface free energy. Accelerated step annihilation in the valley floor is a universal factor, which favors face flattening under any supersaturation.
Introduction
The long standing problem of face morphology is discussed in the present paper. Special emphasis is put on macroscopically flat faces, whose growth, under low supersaturations, is driven by dislocations possessing some screw component. The general case where the crystal face is pierced by more than one screw dislocation, is considered.
It is often observed that faces with the same crystallographic indices, on the same crystal, may exhibit different degrees of flatness. Apart from the density and character of the crystal defects emerging on any particular face, the average face roughness depends also on the supersaturation. There is ample experimental evidence that, in the absence of impurity effects, crystal faces grow closer to flatness, the lower the supersaturation. This is the case for vapour and solution growth (including protein crystallization), electrocrystallization etc [1] .
The main peculiarity in face morphology, which is observed due to the spiral mode of crystal growth, is the appearance of flat hillocks. According to B-C-F theory, the slope of a hillock growing around the emergence point of a screw dislocation decreases linearly with the decrease in the supersaturation. The question put in the present paper is about the shape of the floor of the valley between the growth hillocks. Is it sharp on an atomic scale or is it not, i.e. like shape 1 or shape 2 in Fig. 1a ? It is the purpose of the present paper to show that flattening (at least on a quasiatomic scale) of the sharp valley between two neighboring growth-hillocks should occur during growth under sufficiently low supersaturation. This is due to surface energy gain [1] . An additional factor is the effective increase in the local supersaturation at the valley floor. The dislocation strain energy vanishes there. This is most evident when two dislocations of opposite sign are considered. Besides, the valley floors are concave regions on the crystal surface, where the building blocks are bound more strongly [1] . Thus, the kinetic reason for face flattening is the relative preference for incorporation of atoms, arriving from the ambient phase, at the valley floor.
The stabilization of the (nano-sized) truncating singular face (shape 2 in Fig. 1a ) due to the gain in the surface free energy will first be considered. The kinetic factors supporting its growth will then be considered in more detail.
2 Gain in the surface free energy Gomer [2] observed the appearance of flat {100} and {111} faces on nickel and tungsten tips of a field emission electron microscope. These low-index faces appeared on the generally rounded crystal surface due both to surface energy gain and to high mobility of the atoms.
Leveling of metal (Au, Pt, Ni, Fe) polycrystalline surfaces and healing of scratches on crystal faces during annealing under high temperatures, e.g. above 1000 o C (in vacuum and inert gas atmosphere) has been observed by Blakely [3] . The material redistribution, via surface diffusion, evaporation and condensation etc, proves the direct action of surface energy gain. Since noble metals are also investigated, the moderate vacuum, 10 −5 Torr, used in some experiments, does not derogate the results.
Similarly to the healing of scratches, face leveling could result from the tendency to minimize surface free energy, especially during growth under low supersaturation in still conditions. The valley bottom should be leveled to some extent (shape 2 in Fig.  1a) . The thermodynamic driving force is the difference in the surface free energy of the vicinal hillock faces and that of the singular face, which truncates the valley between the growth hillocks. In contrast to the healing of scratches however, no material redistribution is necessary in the case under consideration. It is enough that the (limited amount of) material that is incorporated during the calm growth occupies preferentially and selectively the energetically most favored positions.
The thermodynamic reason is evident. The singular face truncating the valley between the growth hillocks possesses lower surface energy, and is shorter, compared with the sharp valley (dashed line in Fig. 1b) . However, as the supersaturation decreases, the free energy advantage for incorporating new material on the singular face rather than the vicinal hillocks decreases. In order to analyze the situation let us calculate the total surface free energy of the profile presented in Fig. 1b. (In fact, capillary effects will ensure that the sharp re-entrant angles at the hillock bases are rounded.) Since the dislocations are non-equilibrium crystal defects zero supersaturation corresponds to quasi-equilibrium. Under such conditions every low index crystal face takes the shape presented in Fig. 2 . Neglecting the (positive and negative) kinks, which appear above 0 degree K, the self-perpetuating steps emerging from the dislocations possessing some screw component, are straight. This morphology corresponds to the minimum of the surface free energy of the crystal face.
The growth of vicinal hillocks leads to an increase in the total surface energy of the crystal face. An increase in surface energy at higher supersaturation is associated with an increased hillock slope. And vice versa, a decrease in surface energy is associated with lower supersaturation and lower hillock slope. Thus, it is evident that the total surface energy of the crystal face is related through hillock slope to the growth kinetics.
A linear dependence of the hillock slope, tan θ (Fig. 1b) on the bulk supersaturation ∆µ has been shown by B-C-F theory:
where A is a known constant, e.g. see B-C-F theory, Cabrera and Levine [4] etc. The vicinal faces of the growth hillocks are characterized simultaneously by their surface energies, γ vic . (Note that γ vic may be influenced to some extent also by the dislocation strain energy). By varying the supersaturation ∆µ, i.e. varying the crystallographic orientation of the vicinal hillock faces we can find the exact quantitative relation between kinetics and energetics. The problem has been tackled in a quantitative way on the basis of contemporary ideas about surface thermodynamics. Describing the surface thermodynamics in terms of step structures Williams [5] arrived at the overall expression for the surface free energy:
where γ 0 is the specific surface free energy per unit area (called also reduced surface tension [5] ) of the closely packed crystal face. β is the free energy cost per unit length of an isolated step and h is the step height. K is temperature dependent coefficient. It is essential to note that cusps in the polar diagram of the surface free energy have been presumed at a small number of low index orientations, the surface free energy varying smoothly between them [5] .
For low supersaturations, i.e. small θ the step interaction term, i.e. the term proportional to the third power of the step density in equation (2), can be neglected. Expressing β in terms of surface energy, β/h ≈ cγ 0 (most evident for a cubic symmetry), where c is another coefficient, we can write:
Provided that the two dislocations are far enough apart, their energetic interaction can be disregarded. The energy of the dislocation stress field could be ignored as well. Then the total surface energy Γ of (one half of) the micro-profile in Fig. 1b, i .e. in a two dimensional model, is calculated on the basis of Eq. (2.1). With tan θ = 2y/x (Fig. 1b) and under the evident (from a physical point of view) constraint that H > 0 for ∆µ > 0, and H → 0 for ∆µ → 0, one obtains:
Developing cos θ in Taylor power series one obtains:
For small θ: cos θ → 1, tan θ → θ, and with c≪ 1 ≈ cos θ:
At this point we should recall the face morphology that corresponds to the minimum of the surface free energy (Fig. 2) . Obviously, when approaching quasi-equilibrium (zero supersaturation), Γ will acquire its minimum value, equal to xγ 0 /2. This is possible only if H in eq. (5) decreases faster (and diminishes earlier) than tan θ, i.e. ∆µ. Thus we can infer that the width of the truncating singular face should increase with decreasing supersaturation. In the limit of vanishing supersaturation the truncating singular face becomes equal to the distance between the dislocations.
Provided that the tendency to minimize surface free energy remains the important factor during growth, we should expect on the basis of surface energy gain that some part of the vicinal faces on the growth hillocks should acquire the closest packed orientation. However, the thermodynamics gives only the tendency. The factor, which determines the actual profile of the growing crystal face, is not the thermodynamics, but the variability of the growth rate with respect to the crystallographic direction. In the next section we will see that the tendency to a minimum surface free energy persists also during growth in still conditions, under low enough supersaturation.
3 Tendency to a minimum surface free energy during growth under low supersaturation
Let us now turn to the growth kinetics, which supports the tendency for leveling (and rounding) of the valley floor. In the present work we consider an even concentration distribution in the mother ambience, about the entire growing crystal face. Note that an adequate growth rate of the singular face, which flattens the bottom of the valley, is ensured (despite the generally low supersaturation) since growth does not require two-dimensional nucleation. Steps are arriving from the growth hillocks all the time, and the lateral flow of the steps is not limited kinetically by any means. Moreover, step propagation has to accelerate along the supersaturation gradient, mentioned in the introduction (also see below), at any driving force higher than zero, and the valley bottom becomes rounded but not sharp on the atomic scale.
A) The tendency for a minimum of the surface free energy is evident when considering the growth, of faces with hillocks that have been formed previously, under lower supersaturation than the one under which they had been created. We see, growing them speculatively, how the micro-morphology in Fig. 2 can be obtained: 1) Typically, the step connecting two screw dislocations of opposite sign, like the one between the points B and C in Fig. 2 , is not able to grow under very low supersaturation. (It can not squeeze between the dislocations.) Only the existing step loops are growing, till they disappear in the crystal edges.
The radius of the critical two-dimensional nucleus is:
where Ω is the volume of a molecule and γ s is the surface free energy of the step riser.
Under very low supersaturation it is very large (see below).
Let us now consider the growth of a single spiral.
2a) There is some critical supersaturation ∆µ crit , below which the step segment at the tip of the rounded hillock (isotropic case) does not grow. From the classical work of Cabrera and Levine [4] we know that the normal propagation rate v of an element of a spiral step, with a curvature radius ρ, is:
where v ∞ is the rate of propagation of the straight step, r is the distance from the dislocation center and
where G is the shear modulus, b is Burgers vector. One can easily see that v = 0 in eq. (7) results in
At this point the growth is maintained by the step branches, which are situated far from the spiral center. As a result of their growth the step segment in the center of the spiral acquires the critical radius. Only then it is able to grow.
In order to avoid any misunderstanding let us note here that the spiral mechanism is still acting. However, depending on the supersaturation, and crystal size, only a limited number of swirl turns remain.
With ρ → ∞ we get
Let us consider solution and vapor growth. Taking the activity coefficients equal to 1, we can write for low supersaturations (for both solution and vapor growth):
where k B is the Boltzmann coefficient and T is the absolute temperature. An estimate has been performed for small molecule crystals. With G = 4×10 11 dynes cm −2 , b = 2×10 −8 cm and for a distance r close to the boundary of the so-called dislocation core, i.e. radius r ≤ 10 −7 cm, Ω = 2x10 −23 cm 3 per molecule and k B T ≈ 10 −13 erg one can calculate that the dimensionless supersaturation ∆µ crit /k B T = (c -c e )/c e = 2%. Below this supersaturation the growing face should be flattened. This result explains the old observation [6] that flat cubic and octahedral faces of silver single crystals grow under low current densities, i.e. low overvoltages. Moreover, overvoltage decrease was accepted in the so-called capillary technique as the routine experimental procedure used to flatten the faces. Now, putting ∆µ crit in eq. (6), one can calculate also the corresponding 2ρ c -value. With γ st = 5×10 2 to 10 3 erg cm −2 , one can easily see that 2ρ c ≈ 0.05 to 0.1 µm. Screw dislocations of different sign that are closer together become inactive. (Note that this is below the resolution of optical microscopy.)
In the limiting case, as ∆µ → 0, and after sufficiently long growth time, the micromorphology shown in Fig. 2 should result. The step branches arrive at the crystal edges, and the step should approach a straight line, since v ∞ is maximal. It is possible, though, that the growth time required is impractically long, and that these observations might not be made in practice. The problem deserves further analysis.
2b) The growth velocity of the step of a polygonized spiral obeys an equation, which is closely similar to eq. (7). However, instead of ρ c /ρ, here we have to have λ c /λ, where λ c is the side length of the two-dimensional nucleus and λ is the step length (see [7] , where the strain energy term must also be added):
It is evident that again the short steps in the center of the spiral are not growing below (the same) ∆µ crit . These (polygonized) steps begin to grow only as a result of the elongation, which is due to the growth of the side branches, situated away from the spiral center. Again the micro-morphology in Fig. 2 may result at ∆µ → 0 . B) More generally, leveling of the valley floor does not only occur when the growth rate of the hillock tip approaches zero. In principle, it will always happen whenever the growth rate in the valley floor is (somewhat) higher than that at the hillock tip. This should be the case during growth under sufficiently low supersaturations.
The growth rate R, normal to the singular crystal face is, e.g. see [8] :
(Away from the spiral center the step quickly approaches the v ∞ -value and the growth under constant supersaturation results in constant hillock slope tan θ = const.)
The step velocity varies linearly with the supersaturation, since the kink density is usually sufficiently high:
where κ is the proportionality coefficient, the so-called kinetic coefficient, which characterizes the "swallow" ability of the growing step. It is evident that both (c -c e ) and the "swallow" ability of the steps growing in the valley floor are higher than those on the hillock tips. The reasons are as follows:
a) The dislocation strain field increases the local chemical potential, especially at the hillock tip. Hence, the local supersaturation, where the hillock tip is growing, is effectively decreased, since solubility c e is increased. (On this basis Cabrera and Levine [4] corrected the inter-step distance in the growing spiral to 19ρ c .)
b) The strain energy vanishes in the region between the screw dislocations. Their elastic stress fields tend to cancel each other there. This is most evident with screw dislocations of opposite sign. Hence, an effectively increased local supersaturation, due to the decreased c e , acts in the region between the growth hillocks. At generally high supersaturation this small local difference is of no significance. But these minute effects, which should be neglected in that case, are able to change the micro-morphology of the faces growing under sufficiently low supersaturation. c) Here we have to recall that the mutual annihilation of the steps coming from the counterbalancing growth hillocks will proceed very fast [1] . The building blocks are bound in the gap, the gully, between these steps more strongly than in the kink site. For instance, a building block attached to the empty row between two steps possesses seven nearest neighbors, instead of six at the kink site, on {0001} face in h.c.p. lattice (or on {111} face in f.c.c.), Fig. 3 ; in a Kossel crystal it has four next nearest neighbors, compared with only two such neighbors in the kink position; etc. Additional nearest neighbors will connect the next building blocks (not shown in Fig. 3) , arriving above and below atom 1. Thus, the "swallow" ability of the gully is increased substantially. Therefore the mutual annihilation of the steps is very fast. As a result the valley floor has to be leveled. Note that the effect mentioned under point c. is of more universal character. It should persist under any supersaturation and contribute to the growth of macroscopically flat crystal faces. The lateral resolution of optical microscopy is limited. Therefore we are unable to say anything about the micro-shape of the valley which forms between two adjacent growth hillocks. Should it be sharp on an atomic scale or leveled to some extent? Laser interferometry, e.g. [9] , although having an extremely high depth resolution, is also unable to solve the problem since its lateral resolution is the same as that of optical microscopy. Moreover, impurities are frequently pushed by the growing steps and then trapped in the valley bottom. This fact may dim the picture. Therefore, the problem is worth considering now when STM, AFM etc could be applied. Computer simulation of the step dynamics, by anisotropic surface kinetics and under low supersaturations, will be of great advantage. It can avoid impurity effects, which may appear during some real experiments.
Conclusions
The conclusion is that the role of the surface free energy in the flattening of crystal faces should not be neglected. Its minimization persists as an important factor, especially under low supersaturation. The remarkable parallelism between the surface energy gain and the slightly increased growth rate in the valley bottom has been noted. The floor of the valley between the growth hillocks should be rounded, but not sharp on an atomic scale. It is shown that as supersaturation decreases, a critical value is reached below which the morphology corresponding to the minimum surface free energy may be established.
The amount of flattening in the growth situation is determined by the interplay between supersaturation and thermodynamics. The lower the supersaturation, the more
